Introduction {#S0001}
============

The imbalance between the rapid rate of tumor growth and blood supply leads to an insufficient oxygen concentration in aggressively proliferating tumors, which produces a markedly hypoxic intratumor microenvironment.[@CIT0001]--[@CIT0003] More specifically, hypoxia created because of the rapid proliferation and metastatic rates of tumor cells, which increases oxygen consumption. While limited oxygen supply counts on the bad angiogenesis of solid tumor, leading to the intratumoral hypoxia. As a tumor proliferates, hypoxia-inducible factor-1 alpha (HIF-1α) can be upregulated which promotes the production of vascular endothelial growth factor (VEGF) via the HIF-1α signaling pathway, which stimulates the growth of blood vessels. However, the malformed neovascular structure is unable to rescue the oxygen supply because of the low efficiency of the elevated blood circulation. Normal tissue has a molecular oxygen (O~2~) level of 2% to 9% (40 mm Hg). In contrast, "hypoxia" and "anoxia" in a tumor microenvironment are defined as O~2~ levels of 0.02% to 2% (\<2.5 mmHg pO~2~).[@CIT0004]--[@CIT0006] Besides, tumor cells are better sustainable in hypoxia via an upregulated HIF-1α pathway, which can transform the glucose metabolism pathway.[@CIT0007] On the other hand, hypoxia is also correlated with poor overall survival that results from the induction of chemoresistance and radioresistance via the maintenance of noncycling cancer stem-like cells.[@CIT0008] Hypoxia is a crucial factor in cancer relapse because of its effects on the regulation of the cell cycle, evasion of apoptosis, maintenance and quiescence of stem cells, and selection of treatment-resistant noncycling cancer cells.[@CIT0009]--[@CIT0011]

Overcoming hypoxia is thus an important strategy in the treatment of solid cancers. To this end, studies have sought to develop functional molecules and nanomaterials that can be used to noninvasively image and efficiently treat hypoxic tumors. Three prominent strategies are anti-hypoxia agents, hypoxia-active nanoparticles, and hypoxia-targeting agents. The goal is to reverse hypoxia by producing O~2~, and activate the nanoparticles or agents in the hypoxic tumor microenvironment and to target biomarkers of tumor hypoxia to improve the efficacy of the drugs that are administered. Anti-hypoxia agents refer to oxygen generation or oxygen carrier materials, such as MnO~2~ and hemoglobin-based O~2~ carriers, which can alleviate tumor hypoxia and thus increase the effect of the therapy or reduce malignancy of the tumor. The oxygenation strategy is limited by cytotoxicity, lower blood circulation, and poor penetration within a tumor. On the other hand, concerning the increased level of HIF-1, the unfolded protein response, and mTOR pathways in hypoxia, Hypoxia-targeting agents were designed to imaging and treat hypoxia. Hypoxia-active prodrugs (HAPs, also known as bioreductive prodrugs) can be activated by reducing agents or light-triggered electronic transfer in the tumor microenvironment. Due to the Warburg effect, the metabolism of cancer cells tends to be via aerobic glycolysis rather than the efficient oxidative phosphorylation pathway, which leads to an accumulation of reducing agents and oxidoreductases, such as NADH or NADPH, cytochrome P450 reductase, DT-diaphorase, nitroreductase, alkaline phosphatase, and β-glucuronidase.[@CIT0012] Typically, HAPs can be reduced by the aforementioned enzymes into a radical anion intermediate through one-electron or two-electron oxidoreductases pathways. In aerobic tissues, back-oxidation of the radical anion to the starting drug is kinetically favored. In contrast, in an oxygen-poor environment, the extended lifetime of the radical anion intermediate enables metabolic reactions that convert the parent drug to a cytotoxic agent.[@CIT0013] This reversible step ensures that prodrug activation is restricted to tissues with limited oxygen availability, resulting in hypoxia-selective cell death. Two-electron reduction by certain oxidoreductases fails to generate an oxygen-sensitive radical intermediate. In this case, drug sensitivity is determined by the ability of oxygen to reverse the activation process and the overexpression of oxidoreductases in tumor tissues.

The earliest discovery of prodrugs can be traced to the 1960s with the discovery of the DNA cross-linking anticancer antibiotic mitomycin C (MMC), which is activated by reduction of its indoloquinone moiety.[@CIT0014],[@CIT0015] In the 1970s, it was proposed that hypoxia could be advantageous for therapeutics, prodrugs could be metabolized to a cytotoxic compound only in hypoxic cells. Many bioreductive drugs have been reported to date. This HAPs would provide a specific method of killing treatment-resistant cells with no to little systemic toxicity. Drugs based on the presence of quinones ([Table 1](#T0001){ref-type="table"}), nitro-groups ([Table 2](#T0002){ref-type="table"}), aromatic N-oxides ([Table 3](#T0003){ref-type="table"}), aliphatic N-oxides ([Table 4](#T0004){ref-type="table"}), and transition metals ([Table 5](#T0005){ref-type="table"}) have been widely applied in hypoxia-responsive systems. However, despite advances in HAPs for tumor therapy, a small molecular drug is rapidly cleared through renal filtration. This reduces the drug's lifetime in the circulatory system, which leads to ineffective levels of the drug in tumors. Moreover, the systemic toxicity of these drugs, which includes neurotoxicity and myelotoxicity, has restricted the clinical application of these drugs. Compounds used as drugs need to have potent bioactivities and should have a long blood circulation time and high biocompatibility. As well, there should be few side effects. To achieve this goal, researchers have combined these HAPs with microenvironmental targeting antigen/proteins to elevate the tumor targeting efficiency, vascular endothelial growth factor (VEGF), carbonic anhydrase IX, and biotin have been used.[@CIT0016],[@CIT0017] And materials that are nanocrystallized and modified can persist in the circulation and can be highly biocompatible. These effective nanoparticles can undergo redox-based structural changes or oxygen concentration based electronic conversion, which can permit simultaneous diagnosis and treatment in the hypoxic tumor microenvironment, such as the use of fluorescence, phosphorescence or photoacoustic imaging, and chemotherapy or radiotherapy.[@CIT0018],[@CIT0019] Nanocarriers have proven to be better-targeted delivery options that are capable of uploading and releasing HAPs and other drugs within the tumor microenvironment that have the advantages of longer circulation time, better tumor penetration, and greater drug accumulation. However, hypoxia-active nanoparticles have limitations that include the low efficiency of extravasation into the deeper regions of a tumor, due to their relatively large size compared to small chemical prodrugs, which is more effective than the enhanced permeability and retention effect. Besides, drug loading and release efficiency of the nanoparticles is still handicap in clinical application. In this review, we describe the recent progress and the development of HAP nanoparticles in tumor theranostics and their advantages and drawbacks.Table 1Typical samples of quinoneChemical typesAgentApplicationMechanism of\
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Hypoxia-active nanoparticles for imaging {#S0002}
========================================

Hypoxia-active fluorescence nanoparticles {#S0002-S2001}
-----------------------------------------

### Azobenzene {#S0002-S2001-S3001}

Fluorescence imaging for nanoparticles has been developed over several decades since the late 1980s. Several optical probes have been developed by employing nitroaromatic, quinone, or azobenzene derivatives as hypoxia-sensitive moieties based on the hypoxia-triggered molecular cleavage of these derivatives. A representative example for these probes is azobenzene compounds, which can serve as an alternative to the commonly used nitrobenzene and nitroimidazole-based hypoxia-activated triggers. Azobenzene compounds can be reduced stepwise by nicotinamide adenine dinucleotide phosphate (NADPH) and quinone reductase 1 (NQO1, a cytosolic reductase up-regulated in many human cancers) in the critically required hypoxic environment of tumor cells. Piao et al[@CIT0020] proposed the use of novel fluorescent azobenzene-based seleno-rosamine dye conjugated probes obtained by chemically attaching azobenzene compounds with 2-methyl (2Me) Rhodamine Green (2Me RG) and 2Me Si-rhodamine600 (2Me SiR600) to form mono-azo rhodamine and mono-azo Si-rhodamine, respectively. Both these compounds can be activated as fluorescence and photosensitizer probes during mild hypoxia, owing to the reductive cleavage of the azobenzene group. These hypoxia-active fluorescence probes are very sensitive and selective to hypoxia at oxygen concentrations up to approximately 5%. In this study, azobenzene compounds served as fluorescence quenchers as well as activators. Although the applications of these HAPs as nanoparticles in the single fluorescence mode are limited, many researchers have applied them by using these compounds in MRI, CT, and photoacoustic imaging, and even in therapy.

### Cobalt {#S0002-S2001-S3002}

Cobalt (Co) is relatively abundant and inexpensive and is essential for the metabolism of all animals. A number of cobalt complexes have been explored as HAPs. In general, Co(III) complexes are highly inert. Upon bioreduction, the complexes are reduced to their more labile Co(II) forms. Co(II) complexes re-oxidize to Co(III) complexes in the presence of O~2~ in normal tissue. In hypoxic environments in the presence of endogenous reductases, such as P-450 and xanthine oxidase, the labile Co(II) forms can dominate, allowing structure change to release the drug. This fine-tuning has inspired the synthesis of a variety of promising hypoxia-selective prodrug frameworks. Yamamoto et al documented the delivery of a fluorescent coumarin using a Co(III) chaperone to target hypoxic regions. Fluorescence tagging of Co(III) compounds is an effective and noninvasive method for monitoring ligand release and the subsequent cellular accumulation and localization of the cytotoxin. This selective accumulation and monitored activation in tumor microenvironments can minimize the toxicity of anticancer drugs, as well as imaging hypoxia.[@CIT0021]

Hypoxia-active phosphorescent nanoparticles {#S0002-S2002}
-------------------------------------------

In addition to the aforementioned fluorescent nanoparticles, which are activated based on the redox degree of the cells, phosphorescent transition metal (PTM) complexes can directly sense O~2~ concentrations[@CIT0022] based on characteristics that include lower excitation energy, longer emission time, and deeper penetration, compared with fluorescence imaging. Normally, the PTM complexes exist in the ground state. Upon photoexcitation, PTMs absorb photons and reach the excited single state (S~1~). Then, through the processes of internal conversion and intersystem crossing, they quickly relax to the excited triplet state (T~1~) and emit phosphorescent light. Quenching can occur in the presence of O~2~, which reduces the yield and lifetime of the phosphorescence in a concentration-dependent manner. It is generally considered that the ground state O~2~ molecule accepts energy from the excited triplet state of PTM to yield excited states^1Δg-Σg+^ of O~2~ ([Figure 1D](#F0001){ref-type="fig"}). PTM complexes, which include iridium (III) and ruthenium (II) complexes, and platinum (II) and palladium (II) porphyrins ([Figure 1A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}), have been employed to sense and image the O~2~ levels in living organisms. These complexes are reversibly dependent on the changes in O~2~ concentration and hence can function as real-time O~2~ monitors.[@CIT0023]--[@CIT0026]Figure 1Structure and activation of metal complex. (**A**) complex Ir, (**B**) \[Ru(dpp)~3~\]^2+^ (**C**) Pt(II) porphyrins (**D**) Oxygen sensing mechanism of conjugated polyelectrolyte and schematic illumination of energy level of the moieties in phosphorescent transition-metal S~0~, ground state, S~1~- excited singlet states by fluorescence light, T~1~- triplet state form by S~1~ intersystem crossing, 1Δ~g~-1Σg+.

### Iridium(III) complexes {#S0002-S2002-S3001}

Iridium(III) complexes are typical PTM complexes, which exhibit intense and long-lived phosphorescence. The phosphorescence of iridium(III) complexes is quenched by the intracellular O~2~, which is restored through two-electron bioreduction in a hypoxic environment. Wen et al[@CIT0027] synthesized an oxygen-sensitive complex, with iridium covalently attached to mesoporous silica-coated and core-shell upconverted nanoparticles (UCNPs), denoted as core-shell UCNPs\@mSiO~2~-Ir, to monitor O~2~ concentrations as indicated by the increase or decrease in through luminescence. The up-conversion channel of iridium can emit 600 nm oxygen-quenchable phosphorescence after absorbing 980 nm near-infrared (NIR) light, which is converted from the energy of UCNPs, and hence, can exhibit relatively deep tumor penetration compared with non-NIR light excitation. The down-conversion channel of iridium exhibits the reduction in long-lived oxygen-sensitive phosphorescence of the nanoprobe from 4.0 to 0.8 μs when the transformation from hypoxia into normoxia. This is advantageous since short-lived autofluorescence can be eliminated via time-gated luminescence imaging technology by exerting an appropriate delay time to enhance the signal-to-noise ratio. The complex iridium exhibits intense and long-lived phosphorescence that is highly sensitive to oxygen quenching. Both the channels were adopted to remove the possible interference from background autofluorescence. Moreover, Wen et.al.[@CIT0028] also designed two iridium(III) complexes that specifically stain the mitochondria (Ir-P(ph)3) and lysosomes (Ir-alkyl) in living cells, respectively. These complexes exhibited similar photophysical properties and singlet oxygen quantum yields due to the same cyclometallic ligands. Mitochondria-targeted Ir-P(ph)3 could lead to an improved PDT effect compared to the lysosome-targeted complex, especially during hypoxia, indicating the practical potential of mitochondria-targeted PDT agents in cancer therapy. Feng et al[@CIT0029],[@CIT0030] synthesized negatively charged hyperbranched phosphorescent conjugated polymer dots with the iridium(III) complex as the core for imaging of hypoxia and highly efficient PDT. In the formulation, oxygen-insensitive blue fluorescent 9, 9-dioctylfluorene forms the backbone of the hyperbranched conjugated polymer and oxygen-sensitive red phosphorescent iridium (III) complex forms the core of this polymer. Upon decreasing the O~2~ content from 21% to 2.5%, the red emission intensity of iridium(III) complex collected at 600 to 700 nm showed remarkable enhancement, while the intensity of blue emission from polyfluorene moieties at 420 to 490 nm remained unchanged under various contents of O~2~. By calculating the ratio of intensity of emission at 600 to 700 nm and that at 420 to 490 nm, the actual O~2~ contents in the living cells could be obtained. Considering the long phosphorescence lifetime property of this probe, the authors also applied photoluminescence lifetime imaging and time-gated luminescence to improve the signal-to-noise ratios. Thus, Feng et al[@CIT0029],[@CIT0030] reported the first small molecular probe with iridium(III) complexes, which permitted radiometric imaging, photoluminescence lifetime imaging and time-gated luminescence imaging for hypoxia.

### Ruthenium {#S0002-S2002-S3002}

Although iridium-based probes have the potential to image physiological hypoxia, most have very poor water solubility. Organic solvents or other solubilizing agents are needed for biological applications. Ruthenium complexes show good water solubility and a strong phosphorescence emission in hypoxia. Liu et al[@CIT0031] designed UCNP core/hollow mesoporous silica shell-structured nanoparticles with oxygen indicator ruthenium (II) dichloride (\[Ru(dpp)~3~\]^2+^Cl~2~). The oxygen indicator for the detection of hypoxia and UCNP provides the excitation light to \[Ru(dpp)~3~\]^2+^Cl~2~ by the up-conversion luminescence process at 980 nm. Based on the principle that lanthanide-doped UCNPs can be used as energy donors for up-conversion luminescence resonance energy transfer, but have no oxygen recognition capability by themselves, \[Ru(dpp)~3~\]^2+^Cl~2~ was chosen as the quenchable indicator to sense oxygen because its maximum absorbance at 463 nm strongly overlaps with the two emission wavelengths (450 and 475 nm) of UCNPs, and \[Ru(dpp)~3~\]^2+^Cl~2~ cannot be directly photoexcited by NIR light. More importantly, the red luminescence of \[Ru(dpp)~3~\]^2+^Cl~2~ at 613 nm can be strongly quenched by oxygen,[@CIT0032] since the concentration of oxygen species could be reflected by the luminescence at 613 nm upon excitation by 980 nm laser. Notably, both external excitation and emission (980/613 nm) are within the ''optical window" of the biological tissues,[@CIT0033] which can enable deep tissue imaging.

### Platinum(II) porphyrin {#S0002-S2002-S3003}

Since the approval of cisplatin for cancer therapy in the late 1970s, a number of analogs designed to minimize nephrotoxicity and gastrointestinal toxicity induced by cisplatin have been explored. Up to now, three platinum (Pt)(II) complexes have received Food and Drug Administration (FDA) approval: cisplatin, carboplatin, and oxaliplatin. In routine use worldwide, the FDA approved Pt(II) cancer drugs have proven to be far from ideal. Based on this fact, a series of hydrophilic phosphorescent starburst Pt(II) porphyrins as bifunctional therapeutic agents for simultaneous tumor hypoxia imaging and highly efficient PDT have been rationally designed and synthesized. Researchers have constructed Pt(II) porphyrins with excellent photophysical properties, such as high photostability, large Stokes shift, long phosphorescence emission lifetime, and deep-red emission. By introducing phosphorescent Pt(II) porphyrin (O~2~-sensitive) into a fluorene-based conjugated polyelectrolyte (O~2~-insensitive), Pt(II) porphyrins exhibit excellent radiometric luminescence response to O~2~ levels with high reliability and full reversibility. Pt(II) porphyrins have been used widely as oxygen probes that combine fluorescence and phosphorescence into a single nanoprobe.[@CIT0034],[@CIT0035] Another study described that Pt(II) porphyrin can act as an oxygen-responsive phosphorescent group and ^1^O~2~ photosensitizer upon conjugation to a polyfluorene-based hyperbranched polyelectrolyte to increase biocompatibility and water solubility. For early-stage diagnosis and therapy systems, Pt(II) porphyrin show a high PDT efficiency and longer lifetimes, and higher signal-to-noise ratio in fluorescence detection.[@CIT0036]

Hypoxia-active positron emission tomography (PET) imaging probe {#S0002-S2003}
---------------------------------------------------------------

### Copper (Cu) (II) complexes {#S0002-S2003-S3001}

Cu(II) complexes as a hypoxic cell sensitizer can be reduced to form Cu(I) complexes with reduced stability to release an active ligand. The redox reaction is closely correlated with cell toxicity. Cu(ll)-diacetyl-bis(A/4-methylthiosemicarbazone) (Cu-ATSM) that features pronounced membrane permeability and low redox potential was evaluated as a possible hypoxia imaging agent.[@CIT0060] Cu-ATSM has the same range of redox potential as NADH, which can accumulate in a hypoxic compartment by the same reductive retention mechanism as cobalt.[@CIT0037]. Furthermore, radioactive isotopes of Cu can be used, which permits radiation therapy to be used in combination with bioreduction.[@CIT0062] Cu-ATSM is a very promising radiopharmaceutical for the PET imaging of hypoxic tumors. As described by Fujibayashi et al,[@CIT0037],[@CIT0062] Cu-ATSM uptake depends on an intracellular cytosolic/microsomal bioreduction processes. Lopci et al[@CIT0062] described the use of Cu-ATSM to image hypoxia in non-small cell lung cancer. The advantages of this approach included rapid target accumulation that was dependent on the oxygen level. Increased tumor-to-background signal assures tumor delineation, especially for advanced tumors targeted for exclusive radiation therapy or in combination of chemoradiation.[@CIT0038] The results echo those obtained with the imaging using 18F-fluorodeoxyglucose.

Hypoxic-active nanoparticles as radiosensitizers {#S0003}
================================================

Nitroimidazoles {#S0003-S2001}
---------------

Nitroimidazoles are the most frequently used HAPs, and they have been evaluated in phase II clinical trials. They display multiple bioactivities and have been used in cancer treatment since the 1950s.[@CIT0039],[@CIT0040] Nitroimidazoles can be reduced into an amine derivative or hydroxylamine through one-electron reduction[@CIT0041] by a series of nitroreductases coupled with bioreducing agents in the absence of adequate supply of oxygen. This step is reversible under normal O~2~ levels due to higher electron affinity of O~2~ than the nitro group ([Figure 2A](#F0002){ref-type="fig"}).[@CIT0042] Thus, this oxygen-dependent oxidation confers hypoxia sensitivity to the nitroimidazole analogs. As a sensitive agent, the analogs have slight or no drug effect on their own. Their use in combination with many imaging and therapeutic agents can allow multimodal imaging and therapy. In recent years, researchers have developed various nanoparticles containing nitroimidazoles. Liu et al.[@CIT0043] prepared a hypoxic radiosensitizer prodrug with doxorubicin liposome that was used for combined radiotherapy and chemotherapy of malignant gliomas. Hypoxic radiosensitizer nitroimidazoles have been conjugated with lipid molecules with a hydrolyzable ester bond to form nitroimidazole molecules. The molecules were mixed with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[amino(polyethylene glycol)-2000\] and cholesterol to produce liposomes enclosing the MLP prodrug. The liposomes displayed strong radiosensitivity and promoted the nitroimidazole-mediated release of the prodrug cargo under hypoxic conditions.Figure 2Activation mechanical of HAP. (**A**) 5-Nitroimidazole reduced through one electron pathway. (**B**) AQ4N reduced through two electron pathway (**C**) Tirapazamine reduced through one electron pathway to form DNA toxic.

In addition to the tumor regions, many other hypoxic regions exist. These regions include bone marrow.[@CIT0044] Intelligent delivery systems that are responsive to a single internal or external stimulus often lack sufficient cancer selectivity, which compromises drug efficacy and induces undesired side effects. To overcome these limitations, two strategies have been used recently to improve the selectivity of drug release. Lin et al[@CIT0045] introduced a novel strategy for drug delivery by integrating both internal and external controls. The internal control used tumor hypoxia to unlock the drug delivery system. The external control employed photoactivation to release the drug payload upon excitation by either one-photon visible light or two-photon NIR light. Nitroimidazole was incorporated into the coumarin phototrigger as an electron acceptor and a sufficiently high two-photon absorption cross section ([Figure 3](#F0003){ref-type="fig"}). In aerobic tissues, any photoexcitation of the coumarin dye relaxes via photoinduced electron transfer to the nitroimidazole electron acceptor, resulting in an absence of fluorescence and photocleavage, and lack of toxicity to normal cells. Conversely, in anaerobic solid tumors, the hypoxia-specific nitro-to-amino reduction activates the coumarin phototrigger. Consequently, photoactivation generates blue fluorescence and causes water-assisted photoheterolysis of the C-O bond to release the caged anticancer drugs for cancer treatment. However, the clinical application of this formulation is hampered by the limited tissue penetration depth of light. To circumvent this limitation, Liu et al[@CIT0046] developed an X-ray responsive nanosystem composed of PEGylated gold nanoparticles with conjugated nitroimidazole and cell-penetrating peptides that combined active hypoxia and X-ray stimuli. The reactivity of the nanoparticles can be remotely controlled by X-rays. Due to its excellent stability, the PEGylated gold nanoparticles could potentially decrease radiotherapy toxicity, allowing radiosensitization at the target site receiving the highest dose during radiotherapy. These properties have been demonstrated in vitro using a clinically relevant X-ray source on resistant hypoxic cells, suggesting potential applications of such nanosystems in cancer radiotherapy.Figure 3The hypoxia-activated phototrigger specifically releases drug to tumor cells.

Sanazole {#S0003-S2002}
--------

Sanazole (SAN) is a nitrotriazole compound. It is a potent hypoxic cell radiosensitizer, which has completed phase III clinical trials, which demonstrated significant increases in local tumor control and survival.[@CIT0047] The mechanism of sensitization is ascribed to the bioactivation through xanthine oxidase and microsomal NADPH/cytochrome P450 reductase, leading to increased DNA damage.[@CIT0048] Sreeja et al[@CIT0049] composed a nanoparticle formulation containing chemotherapeutic doxorubicin, iron oxide nanoparticles (Fe~3~O~4~ NP), together with a hypoxic cell radiosensitizer (SAN) for specific targeting to the tumor sites.[@CIT0050] This complex can specifically target the tumor site, thereby enhancing the efficacy of doxorubicin. Sreeja et al[@CIT0049] further confirmed the radiosensitizer properties of SAN, berberine (BBN), and iron oxide nanoparticle complexes (NP-BBN-SAN). The NP-BBN-SAN complexes were more effective in reducing tumor volumes compared to other treatments. The treatment efficacy reflected the activation of apoptosis via caspase-8. Analysis of the transcriptional expression levels of the *HIF-1α, VEGF, AKT, BAX, BCL2, CASPASE 3, CASPASE 8, CASPASE 9*, and *TNF*-α genes in tumor tissues of all the groups revealed a downregulation in the transcript levels of *HIF-1α* and its associated genes, *VEGF* and *AKT*, thereby resulting in tumor regression and activation of TNF-α-induced extrinsic pathway of apoptosis via caspase 8, although other apoptotic pathways also might also be involved.

Hypoxia-active nanoparticles for chemotherapy {#S0004}
=============================================

Quinones {#S0004-S2001}
--------

Prodrugs structurally composed of quinones can also be used as HAPs. The quinone containing structures can be selectively activated by the hypoxic environment in tumor cells to produce semiquinone radicals or by the two-electron reducing enzyme DT-diaphorase to hydroquinones. Natural and synthetic compounds containing a quinone core structure are an important class of biologically active agents and include coenzyme Q, Vitamin K, and the anticancer compound doxorubicin. The quinones that have been used as HAPs include mitomycin C (MMC),[@CIT0051] EO9,[@CIT0052] AZQ,[@CIT0053] and porfiromycin.[@CIT0054] Among these, MMC has been intensively investigated. MMC was isolated from *Streptomyces caespitosus* in the 1950s. It is very soluble and was the earliest clinically used quinone-containing drug recognized as a bioreductive and hypoxia-selective alkylating agent. It is distributed into nuclei after cellular uptake and intracellular drug delivery. MMC and its analogs produce their cytotoxicity through a reductive metabolism,[@CIT0055] which crosslinks DNA with high efficiency and absolute specificity for the sequence CpG. While MMC is associated with a number of acute and chronic toxicities, such as irreversible myelosuppression and hemolytic uremic syndrome, which limit its clinical application. Hou et al[@CIT0056] developed a new method to synthesize MMC-soybean phosphatidylcholine (MMC-SPC) nanoparticles. By taking advantage of enhanced chemical activity of MMC in hypoxic environments. Hou et al[@CIT0057] further developed MMC-loaded phytosomes with improved formulation characteristics, which included smaller size, lower size distribution, higher zeta potential, and better stability. Zhang et al[@CIT0058] developed the first two-photon fluorescent probes with two different kinds of mechanisms for cycling hypoxia imaging in vivo. Combining a luminescent ruthenium (II) complex (sensitizer) with a redox-active anthraquinone moiety (quencher), they developed a reversible two-photon luminescent probe to study cycling hypoxia in vivo using high-resolution spatial imaging. The quinone group was selected as the hypoxia-sensing moiety, and two-photon absorption of Ru[@CIT0002]+ was obtained by using excitation wavelengths of 750--1050 nm, with an absorption peak at 800 nm and emission at 615 nm.

Nitroimidazoles {#S0004-S2002}
---------------

Apart from the aforementioned nitroimidazoles, Qian et al[@CIT0059] developed nitroimidazoles as a dual-responsive nanocarrier, which was the first method that enhanced the traditional efficacy of PDT efficacy. This formulation comprised two components: reactive oxygen species (ROS)-generating and hypoxia-sensitive 2-nitroimidazole-grafted conjugated polymer (CP-NI), and encapsulated doxorubicin (designated DOX/CP-NI NPs). The nanocarrier complex could generate ROS after a light-triggered stimulus to release the hypoxia-responsive drug. The whole process is initiated with light irradiation, which leads to the generation of ROS and subsequently induces hypoxia at the tumor site by converting 2-nitroimidazole into hydrophilic 2-aminoimidazoles via a single-electron reduction catalyzed by a series of nitroreductases coupled with bioreducing agents, such as NADPH, which eventually disassembles the drug carrier. The released doxorubicin can accumulate in cell nuclei to induce cytotoxicity via DNA damage, which is combined with the apoptotic effect of PDT to synergistically enhance antitumor activity. The strategy provides an innovative design guideline for stimuli-responsive drug delivery systems, which can undergo a series of programmed multiple triggers, in which one primary trigger activates the other trigger(s) to achieve synergistic treatment efficacy.

Aliphatic N-oxide {#S0004-S2003}
-----------------

The prodrug AQ4N has a bis-N-oxide quinone structure that undergoes bioreduction in hypoxic cells. AQ4N has been evaluated in three phase I and II clinical trials. Upon reduction by hemoproteins that include cytochrome P450 (POR)[@CIT0060],[@CIT0061] and nitric oxide synthase (NOS),[@CIT0062],[@CIT0063] the reduction product AQ4 displays high DNA affinity by targeting topoisomerase II, which is crucial for cell division. The inhibition of topoisomerase II prevents hypoxic cells from reentering the cell cycle ([Figure 2B](#F0002){ref-type="fig"}). Although AQ4N itself has very little normal tissue toxicity and is considered an ideal bioreductive drug that can penetrate deep into the tumor tissue. Chemotherapeutic agents combined with AQ4N generally have high side effects, thereby hindering their clinical applications. Loading AQ4N into nano-carriers is an alternative method to overcome these problems. Knox et al[@CIT0058] described Hypoxia Probe 1 (HyP-1), a hypoxia-responsive agent for photoacoustic imaging. HyP-1 is very select for hypoxic activation in vitro, in cultured cells, and in multiple disease models in vivo. The design of HyP-1 relies primarily on competitive binding with oxygen, rather than oxygen-dependent redox cycling. Minimal background results due to its action on oxygen-independent reduction pathways.[@CIT0062] The authors demonstrated that photoacoustic imaging with HyP-1 enables three-dimensional visualization of intratumoral hypoxia with excellent resolution. Comparison of photoacoustic images acquired before and after HyP-1 administration revealed specific regions of signal enhancement, which were proposed to be correlated to regions of the most severe hypoxia. The superior resolution and imaging depth of photoacoustic images compared to fluorescence images indicated a promising outlook for this emerging imaging modality. Knox et al also established a hind limb ischemia model to evaluate the response of HyP-1 in hypoxic conditions in vivo, independent of extensive changes in gene and protein expression levels that can result from prolonged hypoxia in other models, such as cancer.[@CIT0064],[@CIT0065]

In addition to the use of AQ4N in diagnosis, Feng et al[@CIT0066] conceived an AQ4N-liposome-based nanodrug that relies on a commercial hydrophilic AQ4N molecule as the hypoxia-activated prodrug with a modified hydrophobic Ce6 (hCe6) as the photosensitizer that is simultaneously encapsulated into PEGylated liposomes. These liposomes may also be used as an imaging probe for positron emission tomography after chelation of the[@CIT0062] Cu isotope, which has been demonstrated as an effective imaging probe for in vivo PET, in vivo fluorescence, photoacoustic imaging, PDT, and hypoxia-activated chemotherapy. AQ4N-hCe6 liposomes display obvious hypoxia-dependent cytotoxicity and effective photodynamic cell cytotoxicity. On the basis of these observations, Feng et al[@CIT0069] used AQ4N in combination with glucose oxidase to achieve a combined cancer starvation and hypoxia-activated therapy. Glucose oxidase loaded into stealth liposomes can specifically block the glucose supply to a tumor, exhaust tumor oxygen to produce a hypoxic enhancement, and produce toxic hydrogen peroxide inside the tumors. Further treatment with stealth liposomes loaded with AQ4N demonstrated enhanced activation of hypoxia and strong synergistic antitumor effects.

Benzotriazine-N-oxide {#S0004-S2004}
---------------------

Tirapazamine (TPZ), an aromatic N-oxide that was originally developed in the mid-1980s, has been the most extensively evaluated compound in clinics to date.[@CIT0067] TPZ has 300-fold higher toxicity under anoxic conditions than under aerobic conditions.[@CIT0068] TPZ can be reduced by one-electron reductases, such as P450 oxidoreductase, to a TPZ radical in the absence of oxygen. The TPZ radical undergoes spontaneous conversion to generate the benzotriazinyl radical that leads to DNA double-strand breaks, single-strand breaks, and DNA base damage ([Figure 2C](#F0002){ref-type="fig"}).[@CIT0069],[@CIT0070] In addition to the one-electron reduction of TPZ, two-electron reduction has also been reported by enzymes, such as NQO1.[@CIT0071] Two-electron reduction of TPZ has a bioprotective role in cells, because it bypasses formation of the TPZ radical to generate the mono N-oxide, a relatively non-toxic metabolite. TPZ has been evaluated in phase III clinical trials as a chemotherapy regimen in comparison with cisplatin and radiation therapy. Like other agents, cytotoxicity is a drawback for TPZ. Wang et al[@CIT0072] developed iRGD peptide-modified nanoparticles loaded with indocyanine green and TPZ. Indocyanine green mediated PDT upon laser NIR irradiation to induce hypoxia, which activated antitumor activity of the co-delivered TPZ for a synergistic cell killing effect. Guo et al[@CIT0073] also developed an angiogenesis vessel-targeting nanoparticle (AVT-NP) consisting of a photosensitizer, angiogenic vessel-targeting peptide, and bioreductive prodrug for synergistic chemo-photo cancer therapy. The anticancer effect was first achieved by PDT, followed immediately by the generation of hypoxia-activated cytotoxic free radicals. The angiogenesis promoted by hypoxia could lead to the accumulation of AVT-NPs at the tumor site. PDT induces AVT-NPs accumulation at the tumor site due to enhanced angiogenesis in response to PDT-induced hypoxia. Hence, PDT can potentially enhance nanodrug accumulation at the tumor-stromal interface due to enhanced angiogenesis in response to PDT-induced hypoxia, resulting in higher efficacy. Increased hypoxia can achieve highly reactive TPZ radical formation from TPZ, eventually leading to a strong antitumor effect. This collaborative magnification was also observed by Liu et al[@CIT0074] who reported the development of a nanocomposite combined PDT with hypoxia-activated chemotherapy using metal-organic framework and Hf-porphyrin synthesized Hf-porphyrin metal-organic framework platform (Hf-TCPP), with high porphyrin loading capacity. TPZ was inserted into the Hf-TCPP framework. The nanoplatform efficiently produced ROS for PDT upon irradiation. Furthermore, the depletion of oxygen aggravated the hypoxic environment of tumors to induce the activation of TPZ to enhance treatment efficacy. Apart from the aforementioned PDT-induced nanoparticles, Zhao et al[@CIT0075] constructed PL-W18O49-TPZ, which combined PDT and photothermal therapy with hypoxia-activated chemotherapy, effective PET imaging properties and deeper skin penetration with a 808 nm laser. This was the first attempt at using the core W18O49 structure to create a more hypoxic tumor microenvironment and facilitate the activity of TPZ upon irradiation using a longer wavelength laser at 808 nm. Hypoxia-activated chemotherapy and photothermal therapy were simultaneously achieved for PL-W18O49-TPZ nanoparticles. Feng et al[@CIT0079] reported the development of an ultrasound-mediated sequential hypoxia-specific nanotheranostics agent, TPZ/HMTNPs-SNO, which was generated by loading TPZ into hollow mesoporous titanium dioxide nanoparticles (HMTNPs) with modification of the S-nitrosothiol (SNO) moiety. The HMTNPs could function as sonosensitizers to generate ROS through the consumption of O~2~ for sonodynamic therapy, which further sensitized the release of nitric oxide from SNO. Nitric oxide can be used as an ultrasound contrast agent to enhance ultrasound imaging. The activated TPZ could have a hypoxia-specific therapeutic effect.[@CIT0076]

Azobenzoic-containing nanoparticles {#S0004-S2005}
-----------------------------------

Many researchers have used azobenzene for nanodrug loading. For example, Lee et al[@CIT0077] reported a hypoxia/quinone oxidoreductase 1 (NQO1)-responsive doxorubicin delivery system, using mesoporous silica nanoparticles containing a surface cyclodextrin as a gatekeeper connected via an azobenzene linker (Si-Azo-CD-PEG) for hypoxic cancer-targeting drug delivery. Azobenzene can be effectively linked to the mesoporous silica nanoparticles and cyclodextrin, respectively. NQO1 is a cytosolic reductase that is upregulated in hypoxic cancer cells as a key stimulus for the selective cleavage of an azobenzene stalk, which triggers the gatekeeping switch for the controlled release of guest drugs. Activation of NQO1 can abrogate azobenzene binding, eliminating the gatekeeper and allowing unloading of the drug. Wang et al[@CIT0078] developed a theranostic nanocarrier to integrate PDT and chemotherapy (Ce6-PEG-Azo-PCL) that was loaded with doxorubicin. The system has three primary constituents: a hypoxia-induced cleaved azobenzene bridge to sense hypoxia microenvironment, biodegradable hydrophobic poly(ε-caprolactone) as a hydrophobic segment, and hydrophilic poly(ethylene glycol)-decorated photosensitizer chlorine e6 (Ce6) to enhance loading content and minimize the premature release of Ce6 ([Figure 4](#F0004){ref-type="fig"}). Initially, the Ce6 photosensitizer is activated to generate ROS and a hypoxic microenvironment after irradiation. The hypoxia-responsive azobenzene is triggered for the stepwise reduction by reductases to aniline derivatives in the oxygen-deficient environment. After activation of the primary trigger, the release of anticancer drugs from the complex is triggered at the tumor. The tumor cells undergo apoptosis triggered by the presence of ROS and doxorubicin. A similar study was conducted by Zhang et al who constructed azobenzene containing conjugated polymer-based nanocarriers (CPs-CPT-Ce6 NPs) for use in combination PDT-chemotherapy.[@CIT0079] The specificity and potency of small interfering RNA (siRNA) regulation of gene expression hold great promise for cancer therapy.[@CIT0080] The first human phase I clinical trial in this area demonstrated that targeted siRNA delivery could systemically administer the specific gene inhibition (reduction in mRNA and protein) agents with an RNA interference-based mechanism of action.[@CIT0081] Perche et al documented the first example of a hypoxia-induced nanocarrier for delivery of siRNA. The nanocarrier consisted of polyethyleneglycol (PEG), azobenzene (AZO), polyethyleneimine (PEI), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) units (PEG-AZO-PEI-DOPE, collectively abbreviated PAPD). Within the PAPD, siRNA condensed into nanoparticles with a PEG layer to protect the siRNAs from nuclease attack and also to impart stability in physiological fluids.[@CIT0082],[@CIT0083] PEG groups would detach from the PAPD/siRNA complexes under hypoxic conditions in the tumor environment by the degradation of the azobenzene linker by reductive enzymes. The positively charged PEI and the remaining PEI--DOPE/siRNA complexes could be easily taken up by the cells.[@CIT0084] This strategy represented the first utilization of a hypoxia-activated siRNA nanocarrier to achieve gene silencing in vivo. However, the larger size of these compounds could limit intracellular aggregation.[@CIT0085] Enhancement of the efficiency of intratumoral penetration of nanoparticles could possibly improve their treatment effect.[@CIT0086] Particle sizes less than 10 to 20 nm[@CIT0087] displayed better penetrating efficiency, but they might be rapidly cleared from the body through renal filtration.[@CIT0088] Thus, an ideal nanoparticle should be relatively large in the blood circulation to prevent the renal filtration to achieve tumor-specific delivery through the enhanced permeability and retention effect and transform into small particles to penetrate into tumors once inside the tumor microenvironment. Xie et al[@CIT0089] developed the first hypoxia-activated nanoparticles capable of decreased size for the co-delivery of doxorubicin and siRNA. Polyamidoamine (PAMAM) dendrimer was conjugated to PEG-2000 using the AZO hypoxia-sensitive to form PAMAM-AZO-PEG (collectively abbreviated PAP). Doxorubicin was loaded in the hydrophobic core of PAMAM, and HIF-1α siRNA (si-HIF) was bound to the surface of PAMAM through electrostatic forces between anionic siRNA and cationic primary amine groups (PAP+DOX+si-HIF). HIF-1α is a key transcriptional factor that activates a wide range of genes that regulate tumorigenesis, proliferation, and drug resistance.[@CIT0090] The si-HIF is predictably effective and shows stronger tumor-suppressive effects. PAP was employed to co-deliver doxorubicin and si-HIF to tumors with the aim of enhancing the penetration of doxorubicin deep within tumors, simultaneously silence the expression of HIF-1α, and subsequently disturb crucial pathways of cancer development induced by hypoxia, as well as to reverse the drug resistance of tumor cells. Lu et al[@CIT0091] reported a hypoxia- and pH-responsive and traceable co-delivery system for glioblastoma multiforme therapy. This multifunctional co-delivery system was constructed by assembling superparamagnetic iron oxide nanocubes for enhanced T2-weighted magnetic resonance imaging to trace the accumulation of nanoparticles that targeted ligand, and a peptide motif B6 was capable of crossing the blood--brain barrier, hypoxia responsive AZO, pH-responsive poly β-amino ester, and all-trans retinoic acid to induce the differentiation glioblastoma stem cells to glioblastoma cells, and doxorubicin to regulate the intrinsic chemoresistance. This co-delivery system containing the AZO bond is rapidly broken in glioblastoma stem cells under hypoxic condition and subsequently triggers the release of all-trans retinoic acid and doxorubicin in the cells to synergistically kill the cancer cells. With spatiotemporal ability, the complex was able to overcome the issues of using doxorubicin for glioblastoma multiforme therapy and significantly improved the cytotoxicity of doxorubicin for glioblastoma cells and glioblastoma stem cells in vitro and in vivo. This approach has great potential for therapy of glioblastoma multiforme.[@CIT0092]Figure 4(**A**) Schematic of how the light-activated Dox\@NP nanoparticles worked in combined combining hypoxia-triggered and PDT treatment strategy. (**B**) Generation of the ROS and hypoxia-induced disassembly upon laser irradiation. The mechanism of (**C**) photosensitized reaction induced by Ce6 and (**D**) stepwise reduction of azobenzene in hypoxia environment9. (**E**) light-driven synergistic therapy of ROS and Dox-based chemotherapy.

Pt(IV) {#S0004-S2006}
------

Relative to their Pt(II) congeners, Pt(IV) complexes are relatively non-toxic. Pt(IV) complexes can be activated by either reducing agents or by ultraviolet irradiation to transform Pt(IV) into active Pt(II) metabolites by the loss of both axial ligands. The reduction process can be cytotoxic through the binding to nuclear DNA. As Pt(IV) is reduced to a lower oxidation state, similar radicals and ROS with higher oxidation states can be generated as a balance, without the consumption of endogenous oxygen. The reduced Pt(II) species and in situ self-generated ROS may function as effective cell killing agents for a combinatorial chemotherapy and PDT. Taking advantage of this property, Guo et al[@CIT0093] synthesized a Pt(IV) complex-based prodrug monomer, which could be reduced to Pt(II) species to generate ROS in an O~2~-independent manner. This could overcome the hypoxia existing in conventional PDT. To target deliver the drug to tumor site, 2-methacryloyloxyethyl phosphorylcholine monomer was employed to generate a polyprodrug with excellent solubility and increase its blood circulation time. The polyprodrug monomer exhibited combined chemotherapy and PDT efficacy against tumors.

Co(III) {#S0004-S2007}
-------

Apart from the aforementioned use of Co(III) as fluorescence nanoparticles, the combination of chemotherapy drugs with Co(III) complexes is a promising strategy. Coordination of anticancer agents to Co(III) can inhibit the cytotoxic properties of the agents. When reduced to Co(II) in a hypoxic environment, the active molecule is released and restored to its active form to kill the surrounding cells. For example, Denny et al summarized a series of Co(III) complex in there report.[@CIT0094] Three recently designed Co(III)-triazole complexes with structural and redox properties proved suitable for hypoxia-activated drug delivery, with structural and redox properties that were suitable for hypoxia-activated drug delivery.[@CIT0095] Besides, Anna et al[@CIT0096] present a bioreductively activated cobalt(III) carrier system for the delivery of curcumin with enhanced drug stability, tumor penetration, and efficacy in hypoxic tumor regions. Using a combination of fluorescence lifetime imaging and X-ray absorption spectroscopy to monitor the curcumin release.

Target HIF-1a and its derivative {#S0005}
================================

HIF-1 induces the upregulation of glycolysis, which causes the accumulation of lactate, and many other substances, among them carbonic anhydrase IX (CA IX), a transmembrane protein neutralizing intracellular acidosis and of imparting chemoresistance, is a typical example.[@CIT0097] There are two mechanisms to cause chemoresistance. First, chemotherapy can induce intracellular acidification, while CA IX prevents apoptosis by maintaining a normal intracellular pH against chemotherapy. Second, CA IX converts CO~2~ and H~2~O to H^+^ and HCO~3~^−^ in the extracellular space, which induces intracellular alkalosis through the bicarbonate transporter and H+ induced extracellular acidosis in the extracellular space, which is responsible for chemoresistance of cancer cells. Thus, HIF-1a and CA IX are associated with the killing of hypoxic tumors. Lots of clinical trials are underway to target CA IX. The trials are taking advantage of the fact that CA IX is not expressed in the majority of normal tissues and is strongly expressed in tumors. Therefore, inhibiting CA IX activity by binding to its active site or near can compromise the catalytic function of CA IX. Using specific monoclonal antibodies can enable the detection and killing of tumor cells that express CA IX.[@CIT0098] A fluorescein isothiocyanate-conjugated carbonic anhydrase inhibitor thioureido-homosulfanilamide can reduce the extracellular acidification and bind only to hypoxic cells expressing CA IX. The result shows that there is no binding to CA IX-positive normoxic cells or CA IX-negative controls. Selective binding of conjugated inhibitor to CA IX-expressing hypoxic cells suggests that labeled CA IX inhibitors can be potentially used as tools for in vivo imaging of hypoxic tumors.[@CIT0099] Alsaab et al[@CIT0100] developed a simple and efficient multistage nanoplatform (ATZ-C4.16) for the systematic targeting of hypoxic environments to induce the combination of chemotherapeutic and immunotherapeutic effect in renal cell carcinoma. In this research, acetazolamide is the CA IX targeting agent, which acts to improve tumor penetration compare to the nontargeted ligand in hypoxia. The cell division cycle and apoptosis regulator 1 protein analog (C4.16) as immunotherapeutic agent, which abolishes the activity of the phosphoinositide-3-kinase/protein kinase B pathway, triggers the pyrolysis of poly ADP ribose polymerase, downregulation of cyclin B, and upregulation of caspase-3 and −7. On the other hand, sorafenib acts as a chemotherapeutic agent by inhibiting VEGF receptor and BRAF. This comprehensive treatment can also upmodulate the tumoricidal function of M-1 macrophages and downmodulate tumorigenic M-2 macrophage-associated biomarkers, such as CD206 and arginase-1 by a mechanism that remains unclear. The combination of CA IX-C4.16 with sorafenib produced the targeted delivery of the payload in hypoxic tumors, resulting in induction of multimodal anticancer effects, including apoptosis, reversal of drug resistance, and reprogramming of malfunctioning macrophages.

Conclusion {#S0006}
==========

Although the nanoparticle has been researched for decades. While the application of nanoparticle into clinical has rarely to be defined. The reason of it can be attributed to two part tumor part and nanoparticle part, as to tumor part tumor heterogeneity is one of the most important. The tumor heterogeneity lies in the different genetic mutations and the phenotypic expression profiles in genetic level, and complicated cell within the tumors, such as fibroblasts, other stromal cells, vascular cells, and infiltrating inflammatory cells (such as macrophages and lymphocytes) in cellular level. While their hypoxia active nanoparticle provides an important strategy to overcome the problem of tumor heterogeneity, which can be used to design diagnostic and therapeutic strategies for a broad range of solid tumors. As to the nanoparticle part, nanoparticle has many disadvantages such as poor tumor penetration on it large size, rapid renal clearance on its relative smaller size, scientist developed size shrinkable nanoparticle; the nanoparticle has short blood circulation time on its positive charge, easy to get through membrane on its positive charge, scientist developed nanoparticle with zero potential in its blood circulate period and can be positive charge after it activated by the hypoxia microenvironment. Based on the statement talked upon, the hypoxia active nanoparticle combined many merits. In recent years, we have seen great advances in the development of hypoxia active nanoparticles, which opened the door for better application of nanoparticles in tumor theranostics. We hope that this review helped to demonstrate the practical utility of hypoxia-active nanoparticle in delivery and that we will see further advancements toward clinical translation.
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